In flowering plants, the haploid male gametophyte (pollen) is essential for sperm delivery, 34 double fertilization, and subsequent initiation of seed development. Pollen also undergoes 35 dynamic epigenetic regulation of expression from transposable elements (TEs), but how this 36 process interacts with gene regulation and function is not clearly understood. To identify 37 components of these processes, we quantified transcript levels in four male reproductive stages 38 of maize (tassel primordia, microspores, mature pollen, and isolated sperm cells) via RNA-seq. 39 We found that, in contrast to Arabidopsis TE expression in pollen, TE transcripts in maize 40 accumulate as early as the microspore stage and are also present in sperm cells. Intriguingly, 41 coordinated expression was observed between the most highly expressed protein-coding genes 42
32
Abstract 33 In flowering plants, the haploid male gametophyte (pollen) is essential for sperm delivery, 34 double fertilization, and subsequent initiation of seed development. Pollen also undergoes 35 dynamic epigenetic regulation of expression from transposable elements (TEs), but how this 36 process interacts with gene regulation and function is not clearly understood. To identify 37 components of these processes, we quantified transcript levels in four male reproductive stages 38 of maize (tassel primordia, microspores, mature pollen, and isolated sperm cells) via RNA-seq. 39 We found that, in contrast to Arabidopsis TE expression in pollen, TE transcripts in maize 40 accumulate as early as the microspore stage and are also present in sperm cells. Intriguingly, 41 coordinated expression was observed between the most highly expressed protein-coding genes 42 and neighboring TEs, specifically in both mature pollen and sperm cells. To test the hypothesis 43 that such elevated expression correlates with functional relevance, we measured the fitness cost 44
(male-specific transmission defect) of GFP-tagged exon insertion mutations in over 50 genes 45 highly expressed in pollen vegetative cell, sperm cell, or seedling (as a sporophytic control). 46 Insertions in genes highly expressed only in seedling or primarily in sperm cells (with one 47 exception) exhibited no difference from the expected 1:1 transmission ratio. In contrast, insertions 48 in over 20% of vegetative cell genes were associated with significant reductions in fitness, 49 showing a positive correlation of transcript level with non-Mendelian segregation. The gamete 50 expressed2 (gex2) gene was the single sperm cell gene associated with reduced transmission 51 when mutant (<35% for two independent insertions), and also triggered seed defects when 52 crossed as a male, supporting a role for gex2 in double fertilization. Overall, our study 53 demonstrates a developmentally programmed and coordinated transcriptional activation of TEs 54
and genes, and further identifies maize pollen as a model in which transcriptomic data have 55 predictive value for quantitative phenotypes. 56 57 58 Author Summary 59 In flowering plants, pollen is essential for delivering sperm cells to the egg and central cell 60
for double fertilization, initiating the process of seed development. In plants with abundant pollen 61 like maize, this process can be highly competitive. In an added layer of complexity, growing 62 evidence indicates expression of transposable elements (TEs) is more dynamic in pollen than in 63 other plant tissues. How these elements impact pollen function and gene regulation is not well 64 understood. We used transcriptional profiling to generate a framework for both detailed analysis 65 of TE expression and quantitative assessment of gene function during maize pollen development. 66 TEs are expressed early and persist, many showing coordinate activation with highly-expressed 67 neighboring genes in the pollen vegetative cell and sperm cells. Measuring fitness costs for a set 68 of over 50 mutations indicates a correlation between elevated transcript level and gene function 69 in the vegetative cell. Finally, we establish a role in fertilization for the gamete expressed2 (gex2) 70 gene, identified based on its specific expression in sperm cells. These results highlight maize 71
pollen as a powerful model for investigating the developmental interplay of TEs and genes, as 72 well as for measuring fitness contributions of specific genes. 73
Introduction 75 Sexual reproduction enables the segregation and recombination of genetic material, which 76 increases genetic diversity in populations and contributes to the vast diversity of eukaryotes. In 77 flowering plants, sexual reproduction requires the development of reduced, haploid gametophytes 78 from sporophytic, diploid parents. The mature female gametophyte, the embryo sac, includes the 79 binucleate central cell and the egg cell (reviewed in [1, 2] ), each of which is fertilized by a sperm 80 cell to generate the triploid endosperm and diploid embryo, respectively. The mature male 81 gametophyte, pollen, consists of a vegetative cell harboring two sperm cells (reviewed in [3, 4] ). 82
In maize, male gametophytes arise from microspore mother cells in the tassel primordium. The 83 transition from diploid sporophyte to haploid gametophyte occurs when these cells undergo 84 meiosis, each resulting in four haploid microspores. Each microspore then undergoes two rounds 85 of mitosis to produce the pollen grain, first generating the large vegetative cell and a smaller 86 generative cell via asymmetric division, and then producing the two sperm from the generative 87 cell. After the arrival of the pollen grain on the floral stigma, the vegetative cell transports the two 88 sperm cells to the female gametophyte via pollen tube growth (reviewed in [5, 6] ). Accurate 89 navigation of the pollen tube as it grows down the style is dependent on the architecture of the 90 style's transmitting tract [7] and possible additional signaling and recognition mechanisms that 91 are poorly understood [8] . The final stages of pollen tube growth depend on a complex interplay 92 of signals to guide the pollen tube to the ovule (reviewed in [9] ). 93
In maize, a pollen tube must grow up to 30 cm through the silk to reach the female 94 gametophyte, often competing with multiple pollen tubes to eventually enter the embryo sac and 95 release its sperm cells for fertilization (reviewed in [2, 5] only the first tube to reach the micropyle is permitted to enter the female gametophyte. The 100 mechanisms preventing entry of multiple pollen tubes, known as the polytubey block, are not well-101
understood, but presumably act to reduce polyspermy, which typically leads to sterile offspring 102
[6]. In Arabidopsis, mutant-associated fertilization of only the egg cell or the central cell does not 103 fully activate the block, allowing for the attraction of an additional pollen tube and the completion 104 of double fertilization with sperm cells from two different pollen tubes [14], a process known as 105 heterofertilization. Heterofertilization occurs at low frequencies (0.5-5%, depending on the genetic 106 background) in maize [15, 16] and is thought to be associated with abnormal fertilization, but the 107 details remain unclear. In maize, mutations in the genes MATRILINEAL/NLD/ZmPLA1 and 108
ZmDMP have been linked to pollen-induced production of haploid embryos and other seed 109 defects, which are likely associated with aberrant events at fertilization [17-20] or soon after [21] . 110
Thus, many mechanisms associated with both pollen tube growth and fertilization remain 111 enigmatic. 112
Given To provide a more full description of transcriptome dynamics across maize male 133 reproductive development, including TE transcriptional activity, we generated RNA-seq datasets 134 from tassel primordia, microspores, mature pollen, and isolated sperm cells. Using these data, 135
we describe differential expression patterns of genes and TEs across these stages, uncovering a 136 coordinated regulation of TEs and their neighboring genes in pollen grains. We then conducted a 137 functional validation of such highly expressed genes by testing over fifty insertional mutations for 138 male-specific fitness effects. Finally, these transcriptome data guided the discovery of mutant 139 alleles in the sperm cell-enriched gex2, which induces seed development defects when present 140 in the pollen parent, implying a role in fertilization. 141
142

Results
143
Experimental design and gene expression during maize male reproductive 144 development 145 RNA-seq was performed on four tissues representing integral stages in maize male 146 gametophyte development: immature tassel primordia (TP), isolated unicellular microspores 147 (MS), mature pollen (MP), and isolated sperm cells (SC) ( Fig 1A) . samples, their sequencing statistics, references and data availability can be found in S3 Table.  179 All of the raw data were remapped using the same parameters (see Methods). Principal 180 component analysis demonstrates that replicates of the same tissue and growth state typically 181 group together (S1 Fig) . 182 We aimed to identify the set of dynamically expressed TEs within the tissues sampled. 183
Thus, the RNA-seq samples were used to calculate expression levels for each individual TE in 184 the genome located more than 2 kb away from annotated non-TE genes. Our rationale was to 185 avoid false positive signals of TE expression due to a TE residing within a gene, and to minimize 186 the influence of read-through transcription from a nearby gene, which could not be distinguished 187 from TE-initiated transcription. in our dataset and therefore are developmentally static (Fig 2A) . Finally, the majority of annotated 198
TEs (55%) were not assessed in this analysis, either because no expression was detected in any 199 dataset, or because their sequence lacks the polymorphisms necessary for mapping to a specific 200 TE. 201
Each TE category (Fig 2A) was interrogated for feature overrepresentation. Both dynamic 202 and static TEs are longer than the genome average, and longer than the sets of TEs 'not covered ' 203 or 'near genes' (Fig 2B) Fig 2C) . In contrast, the 'LTR unknown' TE annotation is over-represented in the dynamic TE 208 set ( Fig 2C) . Since some LTR retrotransposons are enriched in the pericentromere [43], we tested 209 if the dynamic TE set is enriched in the pericentromere compared to the genome average, but did 210 not detect any correlation ( Fig 2D) . Therefore, we conclude that expressed TEs are generally 211 longer elements, and the subset of developmentally dynamic TEs are enriched for 212 uncharacterized LTR retrotransposons located throughout the genome. 213 214
Transposable element transcript levels are up-regulated in the post-meiotic male 215 reproductive lineage 216 From the developmentally dynamic TE set, we calculated the number of differentially 217
expressed TEs in each tissue/stage compared to the seedling reference. In some tissues, such 218
as tassel primordia and ovules, we observed a similar number of TEs up-regulated and down-219 regulated ( Fig 3A) , demonstrating that while there are shifts in which TEs are expressed, a 220 genome-scale change in TE expression does not occur. In other tissues, such as juvenile leaves, 221
there is a skew towards increased TE expression. The largest TE up-regulation occurs in the 222 tissues of the male reproductive lineage, including unicellular and bicellular microspores, mature 223 pollen and isolated sperm cells ( Fig 3A) . The number of up-regulated TEs compared to down-224 regulated TEs in these tissues suggest that there is a genome-wide activation of TE expression, 225 similar to the DRTS event that occurs in Arabidopsis pollen [31, 36] . One important distinction is 226 that TE expression is present in maize sperm cells ( Fig 3A) , whereas it is not detected in 227
Arabidopsis sperm cells [31]. To verify this finding, we compared our sperm cell RNA-seq data to 228 an independent maize sperm cell dataset [30] . We found that TEs are also significantly expressed 229 in this independent dataset, and 70% of those expressed TEs are also detected in our dataset 230 (p<0.001) ( Fig 3B) . This shared set of 810 sperm cell-expressed TEs (38% of those detected in 231 our dataset), supports the conclusion that significant expression of TEs occurs in maize sperm 232 cells. Of the sperm cell-expressed TEs, 36% were not observable in total pollen, but rather 233 required the isolation and enrichment of sperm cells for detection ( Fig 3B) . Overall, we detect 157 234
TEs expressed in both sperm cell datasets that are not expressed throughout development, but 235 specifically in the sperm cells (sperm-cell exclusive).
236
A second notable difference between maize and Arabidopsis is the activation of TE 237 expression early in the male gametophytic phase of maize. A genome-wide increase in TE 238 transcript levels is detected at the earliest post-meiotic stage tested, the microspore, in contrast 239 to low TE expression in the sporophytic tassel primordia ( Fig 3A) . Arabidopsis TE expression 240 occurs only late in pollen development, after pollen mitosis I when the somatic vegetative cell is 241 generated [31] . To determine if TEs were indeed activated early in maize male reproductive 242 development, we asked if the same TEs that we identified as expressed in the unicellular 243 microspore remain active throughout the male reproductive lineage. We used the set of 244 differentially expressed up-regulated TEs in unicellular microspores (3,335) and found that 62% 245 are still expressed in bicellular microspores and 54% in mature pollen ( Fig 3C) , demonstrating 246 that once TEs are activated early in development, expression and/or steady-state mRNA 247 frequently remains through pollen maturation. Only some of these male-lineage expressed TEs 248 continue to be expressed in sperm cells (32%), raising the possibility that many TEs with active 249 expression in the early gametophytic stages are under negative/repressive regulation in the 250 gametes. This large-scale developmental activation is potentially limited to the male lineage, as 251 ovules express relatively few TEs ( Fig 3A) and only 14% of the male lineage-expressed elements 252 ( Fig 3C) . Together, our data demonstrate conserved activation of TE expression in the male 253 gametophytes of maize and Arabidopsis, with key differences such as the developmental timing 254
and localization of TE expression in the gamete cells. 255 We determined what types of TEs activate in the male reproductive lineage and sperm 256 cells and compared these to the whole-genome distribution of TEs analyzed. Overall, both male 257 lineage-expressed TEs and sperm cell-expressed TEs reflect the genome-wide TE distribution 258 ( Fig 3D) . This suggests that TE family type does not have a determining role in the developmental 259 regulation of TE expression. One notable exception is the enrichment of Mutator family TE 260 expression in sperm cells ( Fig 3D) . When normalized for genome-wide TE distribution, Mutator 261 element expression is highly enriched across the male lineage, including in sperm cells ( Fig 3E) . 262
The expression of some Mutator TEs in sperm cells is both high confidence (present in both sperm 263 cell datasets) and specific to only that tissue (high confidence sperm cell specific, Fig 3E) . LINE 264 L1 elements are also expressed throughout the male lineage and sperm cells, but their expression 265 is general and not specific to these cell types ( Fig 3E) . Our data demonstrate that there is a 266 general (TE family-independent) activation of TE expression in the male reproductive lineage, 267
with one observable bias towards Mutator family expression in both the male lineage and sperm 268 cells. 269 270 for each developmental stage (Fig 4) . We find no relationship between gene expression level and 276 the number of up-or down-regulated TEs in tassel primordia or microspores (top row, Fig 4A) . In 277 contrast, in both mature pollen and isolated sperm cells there is a positive association between 278
Mature pollen and sperm cells display coexpression of highly expressed genes
highly expressed genes and the number of up-regulated TEs within 2kb of those genes (bottom 279 row, Fig 4A) . Similarly, there is a negative correlation between high gene expression and the 280 number of down-regulated TEs in pollen and sperm cells ( Fig 4A) . This relationship is not due to 281 the fact that pollen or sperm cell-expressed genes are more likely to be located nearby a TE (S3A 282 Fig) . We confirmed that this association between TE and gene regulation in sperm and mature 283 pollen is not due to sample contamination between these two datasets (S3B Fig) . It is unclear 284 from these data whether gene expression is influencing TE expression, or TE expression is 285 affecting gene regulation. However, we conclude that specifically in the mature male gametophyte 286 the highest expressed genes are near actively expressing TEs. 287
Comparison of the most highly expressed genes from mature pollen and sperm cells with 288
other tissues assessed in this study (tassel primordia and microspores) shows that such 289 transcripts were generally associated with high tissue-specificity ( Fig 4B) . Among the top 200 290 highly expressed genes by FPKM value, two-thirds of the genes in each tissue were highly 291 expressed only in that tissue. No single gene was highly expressed in all four tissues. These data 292
are consistent with the idea that genes highly expressed at a particular developmental stage 293 contribute a genetic function specifically required at that stage. We next aimed to determine if 294 these highly-expressed genes, many of which are adjacent to expressed TEs, have measurable 295 functional roles in the male gametophyte. 296 297
Large-scale insertional mutagenesis supports a relationship between transcript
298 level and fitness contribution for vegetative cell-expressed genes 299 The developmental gene expression dataset generated by this study provided a 300 quantitative framework in which to assess gene function, testing the hypothesis that highly 301 expressed genes contribute significantly to reproductive success -i.e, fitness. The functional 302
validation approach we used relied on a large, sequence-indexed collection of green fluorescent 303 protein (GFP)-marked transposable element (Ds-GFP) insertion mutants [44], enabling 304 assessment of the effects of mutations in select genes ( Fig 5) . We focused on expression data 305 from the MP and SC stages, as these display coordinated expression with TEs (Fig 4) . In addition, 306
these stages have distinctive cell fates and roles in reproduction: the vegetative cell generates 307 the pollen tube for competitive delivery of gametes, and the sperm cells accomplish double 308 fertilization. Expression data from seedlings [26] was used to design a comparator sporophytic 309 control. Highly expressed genes, operationally defined as in the top 20% for a tissue by FPKM, 310
were grouped into three mutually exclusive classes: Seedling, Sperm Cell, and Vegetative Cell. 311
The Seedling group also excluded any gene highly expressed in either MP or SC. Due to the 312 significant overlap among genes highly expressed in both MP and SC, we compared expression 313 values to assign each of these genes to a single class. Vegetative Cell genes were not only highly 314 expressed in MP, but were also associated with an FPKM greater in MP than in SC, and vice 315 versa for Sperm Cell genes (S5 Table) . All genes in these classes were then cross-referenced 316
with Ds-GFP insertion locations to identify potential mutant alleles for study, restricting the search 317 to insertions in coding sequence (CDS), as these were rationalized as most likely to generate 318 loss-of-function effects. Finally, to insure our results were as generalizable as possible, each class 319 list was randomized to identify the specific subset of Ds-GFP lines for study. Insertion locations 320
were verified by PCR for 64 of 83 alleles obtained (S6 Table) (see Methods), of which 56, 321
representing mutations in 52 genes, generated sufficient transmission data to include in our final 322 analysis. 323
Mendelian inheritance predicts 50% transmission of mutant and wild-type alleles when a 324 heterozygous mutant is outcrossed to a wild-type plant. However, a mutation that alters the 325 function of a gene expressed during the haploid gametophytic phase can result in a reduced 326 transmission rate if that gene contributes to the fitness of the male gametophyte -i.e., to its ability 327 to succeed in the highly competitive process of pollen tube growth, given that 50% of the pollen 328 population will be wild-type for the same gene. Thus, reduced transmission of a mutant through 329 the male (a male transmission defect) provides not only evidence for gene function in the 330 gametophyte, but also a measure of the mutated gene's contribution to fitness. Transmission 331 rates through the female serve as a control, as 50% transmission through the female would 332
confirm both a single Ds-GFP insertion in the genome and male-specificity for any defect 333 identified. To measure the fitness cost of each Ds-GFP insertion, heterozygous mutant plants 334
were reciprocally outcrossed with a heavy pollen load to a wild-type plant, maximizing pollen 335 competition within each silk. Transmission rates were then quantified by assessing the ratio of 336 the non-mutant to mutant progeny using a novel scanning system and image analysis pipeline 337 ( Fig 5) (see Methods) [45] . Mutant alleles were tracked using linked endosperm markers: either 338 the GFP encoded by the inserted transposable element ( Fig 5A-B) , or, in ~10% of the lines, a 339 tightly linked C1 + anthocyanin transgene (present due to the initial Ds-GFP generation protocol) 340 (Fig 5C, S7 Table) . For an allele to be included in the final dataset, we required a minimum of 341 three independent male outcrosses from two different plants. The number of seeds categorized 342 for each allele ranged from 1,522 to 5,219, with an average of 2,807. 343
Transmission rates for all groups were tested through quasi-likelihood tests on generalized 344
linear models with a logit link function for binomial counts (see Methods, S8 Table) . When crossed 345 through the female, no genes showed significant differences from Mendelian inheritance ( Fig 6A) . 346 When crossed through the male, no genes with insertion alleles in the Seedling category (n=10) 347
showed evidence of abnormal transmission rates ( Fig 6B) . Most Sperm Cell genes (n=10, 90%) 348
showed no statistically significant transmission defects, with one notable exception (two 349 independent alleles of the gex2 gene, described in detail below) ( Fig 6C) . However, among 350
Vegetative Cell genes tested (n=32), a larger proportion of insertion alleles (7 out of 32 or 21.9%) 351 showed significant male transmission defects (quasi-likelihood test, adjusted p-value threshold < 352 0.05) ( Fig 6D) . The majority of transmission defects in the Vegetative Cell class genes (six of the seven 357 with significant effects) were modest, at approximately 45% transmission, with only one reducing 358 transmission strongly, to ~30%. Two of the seven Vegetative Cell genes with transmission defects 359
were adjacent to TEs (S7 Table) . Notably, all but one of the genes associated with significant 360 defects were measured at a log 2 (FPKM) > 8 (i.e., in the top 5% of Vegetative Cell genes by 361 FPKM). Above this expression level, the percentage of genes associated with a significant defect 362 rises to 50% (six out of twelve). Thus, the most highly expressed Vegetative Cell genes are 363 significantly more likely to be associated with non-Mendelian transmission than the group of 364
Vegetative Cell genes below this expression threshold (1 out of 20) (Fisher's exact test, p-value 365 = 0.00572). Consistent with this observation, an increase in log 2 (FPKM) was associated with both 366 reduced transmission rate and an increase in -log 10 (p-value) (linear regression, p-value = 0.0120, 367 0.0255, respectively; adjusted R 2 = 0.151, 0.116, respectively). Thus, our data suggest that higher 368 transcript level in the Vegetative Cell predicts a gene-specific contribution to male gametophytic 369 fitness. To ensure the experimental design was robust, we examined two potential confounding 376 variables: the presence of the wx1-m7::Ac allele in a subset of lines tested and the potential for 377 epigenetic silencing of GFP transgenes (see S1 Methods). We found no evidence that the 378 presence of wx1-m7::Ac significantly impacted the overall conclusions drawn from the dataset, 379
as well as no evidence of epigenetic silencing of GFP transgenes. 380 381
Insertional mutants in sperm cell-expressed gex2 cause paternally triggered 382 aberrant seed development 383 The male-specific transmission defect for the sole affected gene in the Sperm Cell class, 384
Zm00001d005781 (GRMZM2G036832), was significantly higher than the average defect across 385 all genes identified with decreased transmission through the male. Sequencing confirmed that the 386
Ds-GFP elements in the two independent alleles, tdsgR82A03 and tdsgR84A12, associated with 387 average transmission rates of 33.4% and 23.1%, respectively, were inserted into their predicted 388 exonic locations ( Fig 7A) . In addition, both alleles showed an unusual phenotype of 389 underdeveloped or aborted seeds and ovules with no apparent seed development when crossed 390 through the male, despite heavy pollination ( Fig 7B) . These features motivated further 391 investigation of this gene. 392
Across maize tissues, Zm00001d005781 is highly and specifically expressed in sperm 393 cells [41] ( Fig 7C) . Zm00001d005781 was previously identified in maize sperm cells via EST 394 sequencing and named gamete expressed 2, or gex2, but no mutant has been described [46] . 395 The gene is among the top 200 expressed in sperm cells, and like many highly tissue-specific 396 genes expressed in pollen and sperm, it is within 2kb of a transcriptionally active TE, both a 397 downstream RLG retrotransposon that displays sperm cell-specific activation and an upstream 398 DHH family TE that is not detectably transcribed ( Fig 7C) . Predicted gex2-like genes are widely 399 distributed throughout the currently sequenced Embryophyta taxa. The Arabidopsis ortholog, 400 GEX2, has been described as necessary for gamete attachment and effective double fertilization 401 [47] . Maize gex2, a single copy gene, encodes a protein with predicted domain structure similar 402
to that of Arabidopsis GEX2 (44.2% protein similarity overall). Both proteins harbor a large N-403
terminal non-cytoplasmic region including filimin repeat-like domains, predicted transmembrane 404
domains near their C-termini, and a small C-terminal cytoplasmic region ( Fig 7D) . 405
Small and aborted seeds were quantified for both gex2 insertion alleles when outcrossed 406
to wild-type plants as heterozygotes, as well as for outcrosses from gex2-tdsgR84A12 407 homozygotes (S10 Table, Cell class (tdsgR96C12). These three Ds-GFP insertions showed similar percentages of aborted 412 seeds ( Fig 7E) . In contrast, pollination with both gex2::Ds-GFP insertion alleles was associated 413
with increased percentages of small or aborted seeds, significantly so in gex2-tdsgR84A12 414
(pairwise t-test against Ds-GFP controls separately, all p-values < 0.05). Pollination from gex2-415
tdsgR84A12 homozygotes approximately doubled the percentage of small or aborted seed 416 percentages from gex2::Ds-GFP heterozygous plants (pairwise t-test against Ds-GFP controls 417 separately, all p-values < 0.01). From the heterozygous gex2::Ds-GFP crosses, small seeds with 418 endosperm large enough for DNA preparation were genotyped, and 79.2% were found to harbor 419 the gex2 mutation, whereas in crosses from the tdsgR46C04 control, the Ds-GFP insertion 420
showed Mendelian segregation in small seeds. These data support the hypothesis that aberrant 421 seed development is associated with fertilization by gex2::Ds-GFP sperm. 422
If GEX2 acts to promote double fertilization, the arrival of a gex2::Ds-GFP pollen tube at 423 the embryo sac could lead to failure of one or both fertilization events. Given an active polytubey 424 block, this could produce the observed gaps between seeds on the ear, resulting from ovules 425 associated with completely failed fertilization, or with very early seed abortion due to single 426 fertilization. To explore this possibility, seedless area was measured in ear projection images for 427 ears pollinated by gex2::Ds-GFP heterozygous and homozygous mutants, as well as for the Ds-428 GFP control ears already described. As heterozygotes, all three Ds-GFP controls as well as the 429 gex2-tdsgR82A03 allele are associated with low levels of seedless area (each at 4%), whereas 430 the gex2-tdsgR84A12 shows a non-significant increase in seedless area (8.70%) (S5 Fig) . 431 However, ears pollinated by homozygous gex2-tdsgR84A12 pollen had 31.48% seedless area, a 432 significant increase (pairwise t-test against Ds-GFP controls separately, all p-values < 0.0001). 433
To test for aberrant fertilization more directly, seed development was assessed at 4 days post-434 pollination with either wild-type or gex2-tdsgR84A12 homozygous pollen (Fig 8, Table 2 ). Typical 435 embryo and endosperm development, as well as indication of the polytubey block (i.e., arrival of 436 only single pollen tubes at the embryo sac), was observed in all ovules assessed from wild-type 437 pollination. In contrast, half of the ovules assessed following pollination with gex2::Ds-GFP 438 showed significant evidence of abnormal double fertilization, demonstrating single fertilization of 439 either embryo or endosperm or indication of arrival of more than one pollen tube at the embryo 440 sac (Fisher's exact test, p-value = 0.000241). We conclude that maize GEX2 is part of the sperm 441 cell machinery that helps insure proper double fertilization. and in the mature pollen grain, which may be due to continued expression or transcript stability. 469
A second distinction is the location of activation, which in Arabidopsis is confined to the pollen 470 vegetative cell nucleus [31, 35] , whereas in maize also occurs in sperm cells. Mutator family TE 471 transcripts are overrepresented in the pool of sperm-cell TE transcripts, suggesting that this family 472 of TEs may have evolved (or co-opted) specific regulatory mechanism(s) such as an enhancer 473 element that confers expression in this cell type.
474
We also examined the correlation between gene and TE expression. We found that 475 generally there is no association between highly expressed genes and TE activation. However, 476
in mature pollen and sperm cells there is a positive correlation: the more highly expressed a gene 477 is, the more likely it is to have expressed TEs within 2kb. This tissue-specific correlation is not 478 due to there being more TEs near pollen-or sperm-expressed genes. This demonstrates a 479 developmentally specific co-regulation of gene and TE expression. Several potential mechanisms 480 account for this observation. First, the programmed activation of TE expression may influence 481 chromatin, enhancer, or other regulatory function that influences the neighboring genes. Second, 482
the genes and TEs may be directly controlled by the same mechanism of large-scale epigenetic 483 activation. The same mechanisms that repress TE activation may be responsible for limiting the 484 expression of some genes to a single specific tissue or developmental time point. Third, the gene 485 activation may control the expression of the neighboring TE. Ongoing studies aim to decipher 486 these possibilities. 487 488
The gex2 gene has a conserved role in promoting double fertilization 489 One highly and specifically expressed gene in maize sperm cells with a nearby activated 490 TE is gex2. The gene gex2 is located between two transposable elements, one of which (an RLG 491 retrotransposon) was also specifically transcriptionally activated in sperm cells. Mutations in gex2 492 led not only to severely reduced transmission through the male, but also, in contrast to other 493 mutations analyzed in this study, to paternally triggered post-fertilization defects, such as an 494 increase in underdeveloped and aborted seeds and an increase in the seedless surface of the 495 ear. gex2 was first identified in maize by sperm cell EST sequencing [46] , which led to 496 identification of the orthologous gene in Arabidopsis, GEX2, and its sperm cell-specific promoter 497
[50]. In Arabidopsis, seed abortion and single fertilization events were observed at increased 498 frequency in gex2 mutant-pollinated plants, both of the egg cell (leading to seeds that contained 499 only an embryo) and of the central cell (leading to seeds that contained only endosperm) [47] . 500
Our results are similar, with maize gex2 mutant pollen causing single fertilization events in embryo 501 sacs, small and aborted seeds, and leading to aberrant early seed phenotypes consistent with 502 single fertilization. Mechanistically, Arabidopsis GEX2 appears to contribute to gamete 503 attachment through interactions between plasma membrane-localized GEX2 in the sperm cell 504 and either the female egg or central cells. The two orthologues share a predicted domain 505 structure, including a large N-terminal non-cytoplasmic region containing filimin repeat domains 506 potentially acting in gamete attachment [47] , raising the possibility that maize GEX2 acts similarly 507 during double fertilization. However, we cannot rule out additional functions for gex2 in the earlier 508 phase of pollen tube growth. 509
Few genes with clear fertilization-associated functions have been identified in maize. 510
Three mutations which cause paternally-triggered aberrant ('rough') endosperm development 511
have been isolated, but their corresponding genes have not been molecularly identified [51] . Two 512 genes that are more clearly linked to double fertilization, MTL/NLD/ZmPLA1 [17] [18] [19] and ZmDMP 513
[20], have been identified based on their contributions to pollen-induced haploid induction 514 associated with the 'Stock 6' line of maize. In our RNA-seq dataset, MTL/NLD/ZmPLA1 is 515 detected at low levels in SC, but is 7-fold higher in MP, suggesting enriched expression in the 516 vegetative cell; ZmDMP is not detected in either SC or MP. Similar to gex2, mutants in both 517 MTL/NLD/ZmPLA1 and ZmDMP cause small/aborted seed phenotypes when used as a pollen 518 parent, raising the possibility that the three genes could act in related fertilization mechanisms. 519
However, the exact mechanisms by which mutations in MTL/NLD/ZmPLA1 and ZmDMP lead to 520 haploid induction are unclear. Single fertilization of the central cell has been suggested as a 521 possible mechanism [52], but more recent work points toward degradation of the paternal 522 chromosomes in the zygote following double fertilization [53-55], while some data support the 523 idea that both mechanisms contribute [56] . Some of the abnormal and early aborted seeds in 524 gex2 mutant pollinations are not explained simply by single fertilization events, which are 525 expected to produce germless or endospermless seeds. The latter of these abort early and 526 resemble unfertilized ovules [57], and thus would likely contribute to the observed gaps on the 527 ears. Abnormal seeds with some endosperm development may indicate other post-fertilization 528 defects caused by gex2 loss-of-function, similar to mtl/nld/zmpla1 or zmdmp loss-of-function. 529
Direct, detailed comparison of seed phenotypes induced by pollination with these mutants could 530 prove useful to understanding mechanisms both of pollen-induced haploid induction, and of 531 fertilization in general. 532 533
Maize pollen provides a powerful model for quantifying gene-specific 534 contributions to fitness 535 Despite the explosion of omic-scale methods to characterize genomes and to measure 536 molecular characters (e.g., transcript levels), our ability to predict phenotypic relevance for 537 specific genes is limited, particularly in multicellular organisms with complex genomes. A simple 538 assumption is that a high transcript level at a particular developmental stage implies an important 539 function for the associated gene at that stage, thus pointing toward a potential phenotypic role. 540
However, this has been difficult to test at larger scales, as generating gene-specific quantitative 541 phenotypic data is laborious and standardization can be challenging. This study begins to address 542
this assumption with an initial systematic assessment of the functional relevance of highly 543 expressed genes in maize pollen, taking advantage of the ease of reciprocal outcross pollination 544 in maize, the availability of a sufficient number of marked and likely null mutations, and the 545 development of an imaging technique that enables sensitive quantitation. 546
The progamic (i.e., post-pollination) phase of male gametophyte development can be 547 thought of as comprising two stages. In the first stage, pollen tube growth through the silk, male 548 gametophytes compete to be the first to reach the female gametophyte. Each pollen grain is an 549 independent multicellular organism, often genetically-distinct from others in the population due to 550 meiotic recombination, with its sole purpose to deliver the sperm cells for double fertilization. 551
Thus, in an outcrossing plant with an extensive stigma and style like maize, there is likely a 552 heightened context for competition among individuals in pollen populations [10]. We reasoned 553 that genes involved in this stage could be identified by measuring fitness costs for mutations in 554 genes highly expressed in the vegetative cell, which is responsible for pollen tube growth. We 555 found that CDS-insertion alleles for 7 out of 32 (21.9%) tested genes in this class are associated 556 with mild to moderate male-specific transmission defects. These results support the idea that 557 competitive pollen tube growth requires a broad array of genes, as genes associated with 558 demonstrated fitness contributions were assigned to a variety of predicted cellular functions. 559
However, it is worth noting that three of the seven are predicted to directly influence modification 560 of the cell wall (Table 1) . Extrapolating from this dataset to the entire genome gives an estimate 561 of 600 vegetative cell genes in maize leading to non-Mendelian segregation when inactivated, at 562 least under competitive conditions. 563
In the second stage, following the arrival of the pollen tube at the embryo sac, the pollen 564 tube must properly penetrate the embryo sac and release the sperm cells it contains, which then 565 must fuse with the egg cell and central cell for double fertilization. Due to the presence of the 566 polytubey block, the second stage contrasts with the first in that competition is likely minimal. 567
Upon delivery, sperm cells must perform the tasks of adhesion, communication, fusion with the 568 egg cell and central cell, and karyogamy. However, due to the lack of competition, minor problems 569 with these processes may not lead to failure. We aimed to investigate this second stage by testing 570 genes highly expressed in the sperm cell. Our limited dataset identified 1 out of 10 of tested genes 571 in this category as associated with a male transmission defect. This mutant gene, gex2, had 572 among the strongest transmission defects observed in this study -and, intriguingly, is also 573 associated with the highest FPKM among the sperm cell genes tested. Overall, our results 574 suggest a scenario in which mutations in a larger proportion of genes operating during pollen tube 575 growth lead to slight reductions in fitness, whereas mutations of relatively fewer genes operating 576 in double fertilization lead to strong reductions in fitness. Testing a larger number of Ds-GFP 577 insertions in vegetative cell-and sperm cell-enriched genes, encompassing a wider range of 578 expression levels, would help establish if these trends are borne out. 579
To our knowledge, this study is the largest yet in plants to explore the possibility of a 580 relationship between transcriptomic data and quantitative phenotypic effects of mutations. The 581 largest phenomic studies (hundreds of mutant lines assessed) of leaf or reproduction-related 582 characters using the Arabidopsis T-DNA mutant collection have identified phenotypic effects in 583~4% of lines assessed, although these were not guided by transcriptomic data [58, 59] . Thus, the 584 higher frequency of phenotypic effects we found could be due to sampling only mutations in genes 585 that are most highly expressed at developmental stages most relevant to the phenotype. Genome 586 scale measurement of the fitness costs of gene knockouts via competitive assays have been 587
carried out in yeast [60] [61] and bacteria [62] [63] . All of these studies found that, for particular 588 environmental conditions, there was little to no correlation between the expression level of a gene 589 and its impact on fitness in that condition. In contrast, we found a small but significant correlation 590 between high expression and fitness in our smaller dataset of vegetative cell genes ( Fig 6D) . This 591 could be indicative of biological differences between single-celled organisms and more complex 592 organisms like maize, or could be a feature of the highly specialized pollen tube. Interestingly, our 593 results are consistent with a recent meta-analysis that identified higher mRNA expression levels 594 as a feature distinguishing gene models with known phenotypes from the overall population of 595 gene models defined by sequencing and other molecular approaches [64] . Given that genes -596
i.e., those gene models with a clear functional role in determining the characteristics of an 597 organism -represent only a subset of total predicted gene models, genome-scale approaches 598 that can associate quantitative phenotypes with specific genes appear important for achieving a 599 more global understanding of genotype- Mapping reads to genes, differential expression assessment and GO enrichment 622 analysis 623 Ribosomal reads (rRNA) were removed from all samples using STAR, version 2.5.1b [65] 624
to map reads to a repository of maize rRNA sequences (parameters: --outSAMunmapped Within 625 --outSAMattributes NH HI AS NM MD --outSAMstrandFieldintronMotif --limitBAMsortRAM 626 50000000000 --outReadsUnmapped Fastx). The number of mappable reads generated from 627 each sample after rRNA removal ranged from approximately 1 million to approximately 41 million, 628
with an average mappable reads of approximately 18 million per sample. Total reads, mapped 629 reads, rRNA contamination, and other statistics are summarized in S1 Table.  630 rRNA-filtered sequences were mapped to the maize reference genome, version B73 631
RefGen_v4 648 The rRNA-filtered reads were quality trimmed (QC30) and adapter sequences were 649 removed using BBDUK2 [69] . The remaining sequences were mapped to the whole genome using 650 STAR, allowing mapping to at most 100 'best' matching loci. (parameters: --outMultimapperOrder 651
Random --outSAMmultNmax -1 --outFilterMultimapNmax 100). For paired-end reads, the 652 unmapped reads were re-mapped using single-end approach to maximize the number of 653 mappable reads. The mapping percentage is reported in S3 Table. Because 19% of the total 654 reads in the dataset mapped to more than one location, such reads were mapped to only their 655 best match in the genome, and when multiple best matches existed, they were mapped to all of 656 these loci, and then counted fractionally. 669 From the featurecount file (described above), counts of TEs (farther than 2kb from genes) 670
Analysis of transposable elements
were retained for further analysis. First, normalized read counts for all TEs were obtained (data 671 in S2 Fig) and then, after selecting seedling as the reference tissue, pairwise volcano plots were 672 generated for all samples against the reference seedling tissue. The number of TEs statistically 673 significantly up-and down-regulated in each tissue was calculated and plotted (Fig 3) . 674
All TEs less than 2kb away from a gene were categorized as 'near genes' TEs. 705 Heterozygous lines with PCR-validated Ds-GFP insertion alleles were planted in the 706
Insertional mutagenesis transmission quantification and statistics
Botany & Plant Pathology Field Lab (Oregon State University, Corvallis, OR). All insertions were 707 in coding sequence (CDS) sites. Heterozygous Ds-GFP plants were outcrossed to tester plants 708
(c1/c1 wx1/wx1 or c1/c1 genetic background) through both the female and the male, with male 709 pollinations made with a heavy pollen load on extended silks (silks that had been allowed to grow 710 for at least two days following cutback). Following harvest, resulting ears were imaged using a 711 custom rotational scanner in the presence of a blue light source and orange filter for GFP seed 712
illumination [45] . Briefly, videos were captured of rotating ears, which were then processed to 713 generate flat cylindrical projections covering the surface of the ear (for examples, see Figs 5 and 714 7). Seeds were manually counted using the Cell Counter plugin of the Fiji distribution of ImageJ 715 [74] . Ears showing evidence of more than a single Ds-GFP insertion (~75% GFP transmission) 716
were excluded from further analysis. Seed transmission rates of remaining ears were quantified 717 using a generalized linear model with a logit link function for binomial counts and a quasi-binomial 718 family to correct for overdispersion between parent lines. Non-Mendelian inheritance was 719 assessed with a quasi-likelihood test with p-values corrected for multiple testing using the 720
Benjamini-Hochberg procedure to control the false discovery rate at 0.05. Significant non-721
Mendelian segregation was defined with an adjusted p-value < 0.05. Proportions of genes with 722 male-specific transmission defects in the Seedling, Sperm Cell, and Vegetative Cell categories 723
were compared using a two-sided Fisher's exact test, with significance defined as a p-value < 724 0.05. A two-sided Fisher's exact test was also used to compare the proportions of male-specific 725 transmission defects in the most highly expressed genes and the less highly expressed in the 726 vegetative cell category. A two-sided test for equality of proportions with continuity correction was 727 used to compare transmission rates in families with partial Ac presence. A Git repository 728
containing statistical tests and plotting information for this portion of the study can be found at 729 https://github.com/fowler-lab-osu/maize_gametophyte_transcriptome. 730 731 gex2 sequence analysis and phenotype characterization 732 Maize gex2 protein sequence (Zm00001d005781_T002) was retrieved from the Maize 733
Genetics confirm the predicted insertion sites for the two gex2::Ds-GFP alleles, flanking insertion site 741 fragments were PCR-amplified with a gene-specific primer and a Ds-GFP-specific primer 742 (DsGFP_3UTR -TGCAAGCTCGAGTTTCTCCA) and sequenced via Sanger sequencing. 743
To quantify small seed phenotype, mature, dried down maize ears were imaged prior to 744 seed removal from the ear. For small seeds selection, the ear was first visually scanned row by 745 row from the top to the bottom of the ear. Seeds that were noticeably smaller than their 746 surrounding (regular-sized) seeds are carefully removed from the ear using a pin tool. This 747 sometimes required the removal of regular-sized surrounding seeds, which were saved for later 748 counting. A second visual inspection of the ear often resulted in additional small seeds and is 749 recommended. All remaining seeds were then removed from the ear by hand or using a hand 750 corn sheller tool (Seedburo Equip. Co., Chicago, IL). The ear was screened again for any small 751 (flat/tiny) seeds that could have been missed previously. The cob was inspected prior to 752 discarding, and if any small seed was left behind it was removed and accounted for. Small/smaller 753 seeds and regular-sized seeds were counted and counts were recorded (S10 Table) . To measure 754 seedless area, ears were scanned as previously described to create flat surface projections. 755 "Seedless area" was defined as ear surface area that lacked mature or partially developed seeds. 756
Seedless area was quantified as a percentage of total area, as measured with the "Freehand 757 selection" tool of the Fiji distribution of ImageJ [74] . A Git repository containing statistical tests 758 and plotting information for this portion of the study can be found at https://github.com/fowler-lab-759 osu/maize_gametophyte_transcriptome. 760
For analysis of embryo sacs by confocal microscopy, tissues were stained with acriflavine, 761 followed by propidium iodide staining [83, 84] . After staining, samples were dehydrated in an 762 ethanol series and cleared in methyl salicylate. Samples were visualized on a Leica SP8 point-763 scanning confocal microscope using excitations of 436 nm and 536 nm and emissions of 540 ± 764 20 nm and 640 ± 20 nm. 765 766 767
